Abstract Most of the development and functional differentiation in the mammary gland occur after birth. Epigenetics is defined as the stable alterations in gene expression potential that arise during development and proliferation. Epigenetic changes are mediated at the biochemical level by the chromatin conformation initiated by DNA methylation, histone variants, post-translational modifications of histones, non-histone chromatin proteins, and non-coding RNAs. Epigenetics plays a key role in development. However, very little is known about its role in the developing mammary gland or how it might integrate the many signalling pathways involved in mammary gland development and function that have been discovered during the past few decades. An inverse relationship between marks of closed (DNA methylation) or open chromatin (DnaseI hypersensitivity, certain histone modifications) and milk protein gene expression has been documented. Recent studies have shown that during development and functional differentiation, both global and local chromatin changes occur. Locally, chromatin at distal regulatory elements and promoters of milk protein genes gains a more open conformation. Furthermore, changes occur both in looping between regulatory elements and attachment to nuclear matrix. These changes are induced by developmental signals and environmental conditions. Additionally, distinct epigenetic patterns have been identified in mammary gland stem and progenitor cell sub-populations. Together, these findings suggest that epigenetics plays a role in mammary development and function. With the new tools for epigenomics developed in recent years, we now can begin to establish a framework for the role of epigenetics in mammary gland development and disease.
Introduction
Mammary gland morphogenesis begins during embryonic development and proceeds postnatally through puberty, pregnancy, lactation, and subsequent involution. Most of the development and functional differentiation in the mammary gland, therefore, occurs after birth.-During three major developmental windows-puberty, pregnancy, and involution-the gland undergoes profound morphological and functional changes [1] . These changes correspond to periods of cell proliferation, apoptosis, and differentiation in conjunction with changes in gene expression patterns [2] [3] [4] [5] [6] [7] [8] and are regarded as a succession of cell fate determinations [9] . During the past decades, we have gained knowledge about the numerous signaling pathways involved in establishing these expression patterns and morphological changes, which have been reviewed by Watson and Khaled [10] .
Epigenetics has been defined as the "stable alterations in gene expression potential that arise during development and proliferation" [11] . These alterations have been shown among others to be involved in development of the central nervous system [12] , the pancreas [13] , the liver [14] , and the male or female reproductive organs, [15] and during differentiation of hematopoietic progenitors and T-helpercells [16] [17] [18] [19] [20] . Therefore, such epigenetic modifications can be expected to play a role during mammary gland development, as well. Furthermore, epigenetics also may be defined as "the manifestation of a phenotype, which can be transmitted to the next generation of cells or individual, without alterations to the DNA sequence (genotype)" [21] . In general, epigenetics has been interpreted in the context of changes to the chromatin but could be interpreted more widely to include any external effect on the phenotype (epigenator).
Mammary gland development enables lactation to occur after parturition, and lactation performances in domestic animals have been largely improved in ruminants by genetic selection [22] . However, the environment during mammary gland development from fetal life to pregnancy and lactation, also can influence lactation in genetically selected animals, thus altering the expected performances of an animal [23] . The resulting phenotype is, therefore, not only related to the genotype of the animal but might be related to epigenetic modifications of the genome, resulting in a specific epigenotype.
At the biochemical level, epigenetic changes lead to alterations in chromatin conformation. These changes in chromatin are brought about by DNA methylation (DNAme) [24] , histone variants [25] , post-translational modifications of the core and N-terminal tails of histones [26, 27] , non-histone chromatin proteins [27] [28] [29] , and noncoding RNAs (nc RNA) [30] .
Large-scale chromatin conformation represents another level of epigenetic regulation. Experimental evidence in eukaryotic cells suggests that bending and looping of chromatin facilitates specific genomic interactions over distance [31, 32] . These interactions may occur between transcription activators bound to enhancers and transcription machinery at the promoter, they can also insulate a gene domain from the action of a repressive chromatin environment.
The mechanisms involved in epigenetics can be summarized in several steps [21] . First, influences coming from outside the cell, such as a differentiation signal, environmental influences, and nutrition, can be considered as the "epigenator signal," which is defined by protein-protein interactions. These external signals could generate an "epigenetic initiator signal," which will determine where the modification will occur. The epigenetic initiator signal can be DNA-binding factors or ncRNAs. The epigenetic state then will be sustained through cell divisions, with the contribution of an "epigenetic maintainer signal" such as histone/DNA modifiers (enzymatic activities that convey modifications) or histone variants. Based on this paradigm, we can see how direct transcriptional regulation and cell memory regulation use similar mechanisms to change chromatin status (chromatin conformation) and affect gene transcription, both in the short term and in the long term.
Chromatin conformation is expected to play a key role in transcriptional regulation during mammary gland development. However, the precise changes in chromatin conformation/compaction involved in mammary gland development and differentiation are not well known. The mammary gland is an excellent model to study these processes because of its postnatal development and differentiation. Its easy access and the possibility of performing tissue reconstitution experiments also offer distinct advantages. Finally, the availability of numerous genetically engineered mouse models renders it an especially attractive model for studying specific changes in chromatin conformation. Despite these advantages, very little is known about chromatin status in the developing mammary gland and how it might integrate the many signaling pathways discovered during the past few decades, which are involved in mammary gland development and function.
Almost four decades ago, Marzluff and McCarty [33] reported that the acetylation of what we now know as Histone H3 and H4 in mammary tissue was influenced by hormones and that this process was reversible and correlated with RNA transcription. They postulated that the reversible acetylation of histones in mouse mammary explants could play a role in transcriptional regulation by modifying DNA-histone interactions. Similarly, Hohmann and Cole [34] observed differential lysine incorporation into histone fractions under the influence of lactogenic hormones. They hypothesized that these hormones regulate intracellularly the structure of new chromatin as it is being formed, a process that has been well established in nonmammary developmental systems.
It has taken 3 decades to return our attention to the changes in histone modifications and chromatin during mammary gland development and functional differentiation. This renewed interest is attributable in part to new technologies and the availability of complete genome sequences. These technologies enable us to study chromatin compaction, DNA methylation, and histone post-transcriptional modifications at specific genomic locations and, more recently, on a genome wide scale in more detail and more quantitatively than previously was possible [35] [36] [37] [38] [39] [40] [41] [42] .
In this review, we summarize what is known about chromatin conformation and epigenetic modifications during normal mammary gland development and functional differentiation as marked by the expression of milk protein genes, such as casein and WAP. Furthermore, we address emerging data on epigenetics in mammary stem and progenitor cells.
Changes in Epigenetic Marks and Chromatin Conformation During Mammary Gland Development
DNAme and DNaseI hypersensitivity (DHS) have been used since the 1980s to assess the correlation between chromatin conformation and gene expression [43] [44] [45] [46] [47] . Several researchers have investigated these aspects of chromatin conformation in the mammary gland in relation to the expression of individual milk protein genes. Lately, with the availability of more advanced tools, there is a renewed interest.
DNA Methylation
Global DNAme has been associated with mammary cell differentiation in vitro; its inhibition by 5-aza-2′deoxycyti-dine during cell replication prevented the maximal differentiation of the cell normally observed in the absence of the drug [48] . Several studies have reported the inverse correlation between expression of individual genes and DNAme in the lactating mammary gland and other tissues. Johnson and colleagues [49] showed that certain DNAme sensitive restriction sites in the rat β-and γ-casein genes from the lactating mammary gland are readily digested, whereas in liver DNA these sites resisted digestion, indicating hypomethylation of the DNA in the lactating mammary gland compared to the liver. This finding correlated with gene expression. They also showed a similar inverse correlation with casein expression in tumor sub-populations. They raised the question whether lactogenic hormones might alter the DNAme status of these genes. Similarly, the mouse kappa-casein gene is hypomethylated in lactating mammary glands but is hypermethylated in non-mammary tissue and non-lactating tissue [50] . Platenburg and colleagues [51] showed that sites flanking the bovine αs1-casein genes were specifically hypomethylated in the mammary gland and that hypomethylation of one site in the promoter region was associated with gene expression. Vanselow and others [52] further showed that a site located further upstream in a regulatory region ∼10 kb distal to the bovine αs1-casein gene was hypomethylated with mammary gland development and showed hypermethylation upon mastitis. Singh and colleagues (this issue [53] ) report the hypermethylation of this site and closely associated sites upon involution.
Recently, we examined the tissue-and developmental stage-specific DNAme status in the mouse casein gene cluster region (Fig. 1a) and found that in addition to the promoters of the casein genes, potential distal regulatory elements (DRE) show lower levels of DNAme in lactating mammary gland compared to non-mammary tissue (Fig. 1c) . Upon further analysis of mammary epithelial cells (MEC) isolated from mammary gland at different stages of development and differentiation, we found that for the promoters these lower DNAme levels correlated with the major induction of gene expression during pregnancy, whereas several potential DRE were either hypomethylated at any stage in MEC compared to non-MEC or already acquired lower methylation levels during pubertal development (Rijnkels et al in preparation [54] ). A similar relationship between the methylation profile of a gene and its expression has been described for other major milk protein genes.
Dandekar and colleagues [55] demonstrated hypomethylation of CpGs within the coding region of what is now known to be the WAP gene [56] in lactating mammary gland, whereas these sites were hypermethylated in a tumor cell line that does not express the gene. More recently, Montazer-Torbati and colleagues [57] studied larger regions around the rabbit WAP gene compared to the mouse gene (Fig. 2a,b) and showed that regulatory regions flanking the gene have lower methylation levels in the lactating mammary gland compared to liver (Fig. 2d ). These regions with lower DNAme levels include the promoter and a hormone-responsive distal hypersensitive site (HSS2) located at −6 kb from the transcription start site (Fig. 2c) . Based on preliminary results, the hypomethylated profile of the gene seems to exist already after the first trimester of pregnancy (day 8 in the rabbit) (Montazer-Torbati unpublished data).
Several studies indicate that DNAme levels of genes expressed in the mammary gland decrease in conjunction with functional differentiation of the gland ( [49, 50, 52, 54, 55, 57] ; Rijnkels et al in preparation). However, in most experiments, except in our more recent studies, whole mammary tissue was used, which could skew the data as a result of the cell heterogeneity in early mammary gland developmental stages. However, the fact that hypomethylation of milk protein gene regions is observed only in the mammary gland and that it is specific to lactation or earlier developmental stages, whereas hypermethylation is observed in other tissues and other stages, confirms that the hypomethylated DNA has a mammary epithelial origin. Furthermore, this finding suggests that the extent of hypomethylation often is underestimated.
Milk protein gene expression seems to occur after a progressive demethylation of their regulatory elements, which occurs in pregnancy and puberty. The existence of active demethylation mechanisms is still a matter of debate [58] . In the mammary gland, the extensive cell proliferation, which occurs during puberty, pregnancy, and early lactation, [59] [60] [61] could lead to passive demethylation of milk protein gene regulatory elements.
Chromatin Conformation Inferred from DNA Sensitivity to DNaseI
Chromatin conformation can be evaluated by the use of small molecules, which can penetrate open chromatin conformation and reach the DNA. DNaseI has been widely used in such experiments and has allowed researchers to identify open chromatin conformation by the presence of DNA cleavage sites, which are hypersensitive to the digestion. Several investigators have used DNaseI to study chromatin conformation in the mammary gland during lactation. Whitelaw and colleagues [62] have reported the presence of a strong mammary-specific hypersensitive site in the proximal regulatory region of the ovine β-lactoglobulin (BLG) gene. Later studies have shown that this proximal site appears early in pregnancy, whereas a second, much weaker DHS located around −2 kb from the transcriptional start site is detected only during lactation [63] . Interestingly, the proximal DHS overlaps with Stat5 binding sites. However, even though the appearance of this DHS correlates with Stat5 activation, its presence was not dependent on the interaction of Stat5 with the underlying Stat5 binding site [64] . Two other, even weaker DHS, located within the first 2 introns of the gene, were detected only in virgin animals [65] .
In the ovine Acetyl-CoACarboxylase-alpha (ACC) [66] gene, two DHS have been detected during lactation within a 1.6 kb region upstream from the transcription start site and have been associated with the recruitment of both Stat5 and SREBP1.
Similar results obtained for the rat, rabbit, and mouse WAP gene have revealed the presence of sites in distal as well as in proximal regulatory regions [67] [68] [69] , respectively. These sites are located much further upstream than in the BLG or ACC genes, up to −7 kb from the transcription start sites (Fig. 2c) . Three of them are not detected in a tissue that does not express WAP. In the rabbit mammary gland, the different sites progressively appear during pregnancy and the most distal site disappears after weaning (Fig. 2c) . Their appearance can be induced ex vivo in the mammary gland of pregnant rabbits by lactogenic hormones.
In the casein gene cluster, we have shown the colocalization of DHS ( Fig. 1c ) with evolutionary conserved regions (ECR, Fig. 1b )-potential DRE-and promoters of the casein genes in late pregnant and lactating mammary gland tissue [54, 70] [69] ) numbers indicate DNaseI hypersensitive sites [57, 69] ). c Summary results of DNaseI Hypersensitive site mapping of lactating mammary gland and liver tissue in rabbit [57, 69] ). DHS are indicated with an arrow, -no DHS. d Results of DNA methylation analysis using methylation sensitive restriction enzyme. Presence of DNA methylation is indicated with a +, no methylation with-, intermediate methylation with ± [57] . e Graphical depiction of Histone H3 acteylation (IP/input) on selected regions of the WAP locus (promoter and lactation specific HSS2) based on ChIP of lactating mammary gland (lavender box) and liver (purple box) analyzed by real-time PCR.
known to be important for mammary gene expression, even though their binding is not necessarily required for DHS formation. This finding suggests that DHS formation might facilitate binding of such factors once activated or, alternatively, that a low level of activated transcription factors can bind to high affinity binding sites and induce an opening of the chromatin, which then may extend to neighboring low affinity binding sites. It also indicates that during development, different chromatin conformations at different potential regulatory regions contribute to gene regulation through either repression or activation.
Post Translational Modifications of Histones
Histone acetylation was one of the first modifications to be shown many decades ago to correlate with active gene transcription and so-called open chromatin [71] . More recently, histone acetylation has been shown to correlate with active regulatory elements and actively transcribed genes [72] [73] [74] . Since changes of histone acetylation during mammary gland development were first observed, a full battery of antibodies has been developed to study specific histone modifications. Chromatin ImmunoPrecipitation (ChIP) now enables us to identify specific genomic regions that are enriched for such modifications.
Using these new tools, we investigated the presence of histone H3 acetylation (H3Ac) at the promoters and a number of potential DREs / ECRs [70] in the mouse casein gene cluster in lactating mammary gland tissue and liver. We found a positive correlation of enrichment of H3Ac at both gene promoters and several ECRs with gene expression (Fig. 1e) , [54] (Rijnkels et al in preparation). Similar results were obtained for the mouse WAP promoter and HSS2 (Fig. 2e) . Currently, these studies are being extended to whole genome analysis for several different histone modifications using ChIP-sequencing. This research should provide new insight into the genome-wide changes in histone modifications and their correlation with gene expression patterns in order to develop a framework for the contribution of chromatin changes to gene transcription and development.
Jolivet and colleagues [75] showed in rabbit primary MEC histone H4 hyperacetylation on a distal regulatory region (−3.4 kb) of the αs1-casein gene under the influence of extracellular matrix (ECM). However, in human S1 cells, functional differentiation associated with the formation of polarized 3D structures actually showed a decrease in global H4 acetylation [48] . This finding was associated with a reduction in overall gene transcripts and probably illustrated the global silencing of genes not needed for functional differentiation status and lactation. These results do not preclude local hyperacetylation at regions involved in tissue-specific gene regulation as found for the milk protein genes.
Chromatin and Gene Transcription in Mammary Epithelial Cell Lines

Chromatin Loop Domains and Attachment to Nuclear Structure
The three-dimensional interaction of chromatin loops is another way chromatin conformation can influence the transcriptional potential of a gene or larger genomic region [32] . The development of the chromatin conformation capture (3C) [76] technique and high-thoughput variations of this technique (4C [77, 78] , 5C [79] ) has enabled the study of such higher order interactions in the nuclei of cells. Several studies have shown inter-chromosomal and intrachromosomal interactions between different regions in the genome during development [77, [79] [80] [81] [82] .
Kabotyanski and colleagues [83] showed that lactogenic hormones induce the physical interaction between the β-casein gene promoter and the β-casein upstream enhancer (BCE) [70, [84] [85] [86] . This interaction as well as gene transcription could be inhibited by progesterone-induced PR binding to the promoter [83, 87] . These findings in HC11 cells and primary MECs were substantiated further by the fact that this interaction was much more prevalent in MECs isolated from lactating mammary gland than in those isolated from virgin mice. We now have shown in HC11 cells that this interaction is lost upon withdrawal of lactogenic hormones in concordance with the decrease in β-casein gene expression, indicating that this reversible interaction is directly correlated with gene transcription (Fig. 3) .
On a more global scale, the chromatin loops are packed into the nucleus, and their attachment to nuclear structures changes with both development and transcription potential [88, 89] . Although the existence of a nuclear matrix per se remains a matter of debate, nuclear structure may play an important role in this process [90] . The attachment of the chromatin fiber to nuclear structures can be visualized under experimental conditions when nuclei are incubated in hypertonic media in the presence of mild detergents. Soluble proteins, which maintain the chromatin structure in its native state, then are extracted and the chromatin fiber unfolds. Loops then can be visualized using fluorescent in situ hybridization [90] .
Using this approach on mammary gland nuclei extracted from mouse mammary cells (HC11) with or without lactogenic induction of milk protein genes, Ballester and colleagues [91] concluded that the size of chromatin loops decreased when casein and WAP gene expression were induced. We have recently confirmed this result by a biochemical assay [92] that allowed us to visualize the regions of the WAP locus interacting with the nuclear matrix (see Table 1 , Fig. 4, Devinoy unpublished data) . Altogether, those results show that along chromosomes, not only the genome is organized in domains with different chromatin conformation, but that the folding of this chromatin fiber in chromatin loops also plays a key role in the regulation of gene expression.
Modifications of Epigenetic Marks and Binding of Transcription Factors
Marzluff and colleagues [33] and Hohmann and Cole [34] suggested in the early 1970s that chromatin changed under influences of lactogenic hormones. Johnson and colleagues [49] expressed in the early 1980s that it would be of great interest to determine if any of the actions of lactogenic hormones is to alter the DNAme status of the casein genes. Since then we have learned more about how lactogenic hormones regulate gene transcription [93] [94] [95] , and recently we have been able to study how they specifically direct recruitment of their respective signal transducers to regulatory elements in the DNA and study associated changes in histone modifications [75, 83, 87, [96] [97] [98] .
Beta-casein gene expression is regarded as a marker for functional differentiation of mammary epithelial cells. [83] . b Location (Kb) of HindIII sites and primers used to determine looping in 3C assay from [83] . c Fold increase of looping between the β-casein gene promoter and the BCE after addition of Prl and subsequent withdrawal of Prl. d As in C for the β-casein promoter and far upstream control, C, region. Mouse mammary cells (HC11 and 4T1) were grown to confluency and treated with or without lactogenic hormones as previously described [95] . Nuclear matrix was prepared, DNA extracted, labelled and hybridized with a membrane carrying a series of oligonucleotides, as previously described [92] . Fifty-three oligonucleotides had been designed regularly positioned over a 46 kb region covering from −22 to +24 kb around the WAP gene transcription start site (TSS). After several washes, signals were quantified. Two oligonucleotides located at −10.3 and +8.9 from the TSS of the WAP gene gave strong signals in HC11 cells treated with or without hormones as well as in 4T1 cells. One oligonucleotide located at −13.8 kb gave a low but significant signal with nuclear matrix from HC11 cells treated with or without lactogenic hormones but this signal was not observed for 4T1 cells. Two oligonucleotides corresponding to −2.9 and + 2.9 gave low but significant signals with nuclear matrix from HC11 cells treated with lactogenic hormones. These signals are specific to these cells and not observed in HC11 cells in the absence of hormones or in 4T1 cells. One oligonucleotide located at +13.0, only gave a signal in the 4T1 cells. All oligonucleotides, which gave signals in one of above conditions, are located within or close to AT-rich regions. AT-rich regions have been predicted to be potential MAR using the MAR Wiz software. However, we could not detect an interaction for oligonucleotides corresponding to such regions located around −16 kb and −7.4 kb in the mammary cells we studied.
Furthermore, the β-casein gene promoter has been studied for many years as a model for hormonal gene induction and milk protein gene regulation. In these studies, researchers have established that STAT5, C/EBP-β, and the glucocorticoid receptor (GR) are important factors in the transcriptional regulation of β-casein gene expression [94, 95, 99] . The casein gene promoters and several other milk protein genes have so-called lactogenic response elements that harbor recognition sites for these factors. The β-casein gene promoter is associated with the BCE, which is responsive to both ECM and lactogenic hormones [84] [85] [86] . These effects require stable genomic integration of reporter constructs, indicating the importance of chromatin environment [84, 85] . Using ChIP, we showed that glucocorticoid (Gc) treatment recruits the GR to the mouse β-casein promoter and BCE in HC11 cells [96] . It also results in histone H3 hyperacetylation of these sites but alone does not induce gene transcription [96] . Prolactin did not have these effects, but the combination of both Gc and Prl stabilizes GR occupation while attenuating hyperacetylation. In turn, Prl alone enhances STAT5 occupancy on both the promoter and BCE, without any appreciable induction of transcription, and this occupancy is further stabilized by the addition of Gc. Induction with both hormones results in the recruitment of C/EBPβ. However, because different isoforms of C/EBPβ are indistinguishable with current antibodies and are associated with both activation and repression of casein gene transcription [100] [101] [102] , it is not possible to determine which isoforms are bound by ChIP assays. Furthermore, histone modifiers like p300 and HDAC1 have been demonstrated to be recruited upon lactogenic stimulation, and they most likely also are involved in modifying the chromatin and other proteins present [96, 98] .
Recently, we also showed that induction with Prl displaces factors thought to be part of a repressive complex; YY1 and HDAC3 [83, 98] . Lactogenic induction abolished H3K9me2, a histone modification associated with repressive chromatin state (D. Edwards personal communication, Weston Porter personal communication). Xu and colleagues [98] observed similar results for H3Ac and H4Ac at the β-and γ-casein gene promoter in their studies of EpH4 MECs. They also showed that lactogenic stimulation in combination with laminin-rich ECM resulted in the recruitment of the ATP-dependent SWI/SNF chromatin-modifying complex, which was needed for RNA-Pol-II recruitment and transcription. Their results indicated that the SWI/SNF complex is being recruited to the β-casein gene promoter through its interactions with GR, STAT5A, and C/EBPβ in a Prl-and ECM-specific manner. In further studies [97] , these investigators showed that the sustained activation of STAT5A is needed for chromatin remodeling and maintenance of casein expression in Ep4H cells. These changes were induced by proper polarization of the cell in a 3D structure through interactions with a laminin-rich ECM. Table I or with type II topoisomerase are indicated by grey (nuclear matrix) or red (type II topoisomerase) symbols.
The findings by Kabotyanski and colleagues [83] that lactogenic hormones induce the physical interaction between the β-casein gene promoter and the BCE (described above) put these results further in a chromatin perspective.
In addition to recognition sites for STAT5, C/EBPβ, and GR, the casein gene promoters also have closely associated recognition sites for Oct1 and Runx2. These sites are present in most mammals, including opossum and platypus [103] (and Rijnkels unpublished observations) and are the most conserved sites in β-casein promoter (Rijnkels unpublished observations). Dong and Zhao [104] showed that Oct1 is important for the lactogenic induction of gene expression from the β-casein gene promoter. By ChIP analysis, they observed that Oct1 is bound to the endogenous β-casein gene promoter, although this binding is not hormone-dependent. They suggested that this finding might be due to a transient increase caused by lactogenic induction that is not captured at the 48-hour time point analyzed [104] . However, it is possible that Oct1 binding is not directly dependent on Prl or Gc but depends on other signaling pathways. In earlier work by Zhao and colleagues [105] , findings suggested that Oct1 binding activity is estrogenand progesterone-responsive in virgin mammary gland, indicating that Oct1 binding could have an initiator function. These findings were based on electromobility shift assay (EMSA), an in vitro assay, and need to be substantiated using tissue ChIP assays.
Interestingly, Oct1 has been shown to have such an initiator function in the hormonally regulated MMTV promoter [106] and the IL2 promoter [107] . At the MMTV promoter, the constitutive interaction of Oct1-NF1 presets the chromatin; exhibited by increased histone acetylation in the continued presence of linker-histone H1 binding, and shows enhanced and prolonged GR binding upon hormonal stimulation [106] . Stimulation of naïve CD4+ cells results in the binding of Oct1 and nuclear factor of activated T cells (NFAT) and induces histone acetylation at the IL2 promoter and the demethylation of a specific CpG site [107] . In resting CD4+ cells, after withdrawal of this stimulation, H3Ac and bound Oct1 remain but NFAT binding is lost, resulting in a poised chromatin state that possibly is more responsive in a secondary immune memory response. Such an initiator function could fit with the fact that Inman and colleagues [103] have shown that Oct1 interacts with Runx2 and that this interaction is also needed for β-casein gene induction. These investigators also showed that Oct1 and Runx2 are present at the β-casein gene promoter in HC11 cells in the presence of lactogenic hormones, but they did not investigate hormonal regulation. Because Runx2 is a nuclear matrix-binding protein, it is conceivable that Oct1-Runx2 interaction recruits the casein gene promoters to a transcriptionally active nuclear subdomain [103] , facilitating induction upon lactogenic stimulation. Alternatively, the Oct1-Runx2 complex might also be involved in recruiting other factors such as GR and STAT5 to the promoter. Both Oct1 and Runx2 have been shown to interact with GR [108, 109] . Both also have been shown to interact with STAT factors [110] [111] [112] . It is not know if the previously reported Gc induced H3Ac on the β-casein promoter, and BCE is dependent on Oct1-Runx2 binding. Furthermore, it would be interesting to know if the physical interaction between the promoter and the BCE is influenced by the Oct1-Runx2 complex. An interesting note is that Runx2 also can participate in repressive complexes that include HDAC3 and or Sin3a [113] . One could speculate that Runx2 could be involved in switching between a repressive state-the β-casein promoter bound to a repressive complex containing YY1, HDAC3, C/EBPβ-LIP(liver inhibiting protein), and other factors-and a permissive state interacting with Oct1, GR, STAT5, C/EBPβ-LAP(liver activating protein), inhibiting or facilitating the 3D interaction of the promoter and BCE, respectively.
Epigenetics and Stem Cells in the Mammary Gland
In previous sections, we described epigenetic changes in the context of functional differentiation and expression of milk protein genes. This section examines what is known about epigenetics in the different stem and progenitor cell populations in the mammary gland. As alluded to earlier, epigenetic regulation is thought to play a major role in stem cell differentiation and lineage determination [114, 115] . Most studies have been performed in an ES cell context, but recent studies in adult tissue have substantiated the importance of DNAme, histone modifications, and their respective modifying enzymes in maintenance and differentiation of stem cells. [16, 18, [116] [117] [118] .
Changes in gene expression patterns during mammary gland development [2] [3] [4] [5] [6] and its stem and progenitor cell compartments have been established [7, 8, 119] . Models for the cell fate decisions that eventually lead to a fully differentiated cell that is capable of making milk have been proposed [9, 120, 121] . Numerous factors that are important for these cell fates have been identified; they include Bmi1 [122] , Notch [123, 124] , Wnt-signalling pathways [125] [126] [127] , PML [128] , Pygo-2 [129] , Gata-3 [130, 131] , Elf5 [132] , Stat5a [133] , Pae3 [134] , RankL [135] , Amphiregulin [136] . The question remains regarding how epigenetics is involved in cell identification and differentiation in the mammary gland. Bloushtain-Qimron [119] analyzed DNAme and gene expression in human MEC subpopulations. They identified discrete cell-type and differentiation state-specific DNAme and gene expression patterns [119] . They found a high degree of similarity between the progenitor-cell phenotype defining epigenetic programs in mammary and embryonic stem cells. Furthermore, their results suggest that epigenetic control of transcription factors helps define the phenotype of progenitor and differentiated cells. They demonstrated that FOXC1-hypomethylated and highly expressed in progenitor-like cells -induced a progenitor-like phenotype in differentiated MECs. Interestingly, researchers recently reported that in embryonic cells, ELF5-in MEC, a determinant of luminal cell differentiation-is epigenetically controlled and plays a role in lineage fate restriction [137] . In the mammary gland, expression of ELF5 was detected in luminal progenitor cells but not in the stem cells enriched population [133] . Whether epigenetic regulation of ELF5 occurs in the mammary gland remains to be determined.
Preliminary analysis of MECs isolated from mature virgin mice and sorted for differentiation and progenitor markers [138] indicates that DNAme in the casein gene locus does not differ among different mammary subpopulations (Rijnkels et al unpublished observations).
Regulation of Epigenetic Changes
Although the first observations of changes in chromatin conformation correlating with different stages of mammary gland development were made decades ago, the main questions are still: "What are the mechanisms and signaling pathways that regulate these changes?" What are the "Epigenators" and "epigenetic initiators" of chromatin conformation described by Berger and colleagues [21] in the mammary gland? Epigenators Clearly, the hormones and signaling pathways of puberty and lactation come to mind as signals inducing epigenetic changes. But also the influence of the ECM and cell-shape and -context play an important role, as is discussed in more detail in the contributions in this issue from Mina Bissell's and Sophie Lelièvre's laboratories.
Studies describing interactions between ECM and chromatin conformation, as well as the reciprocal action of signals sent by the nucleus to the ECM, suggest that ECM might be a true epigenator [139] [140] [141] . Recent studies demonstrated that ECM component laminin-1 can mediate epigenetic changes at the E-Cadherin promoter in human breast cancer cells, possibly by reducing Dnmt1 levels [142] , and β4-integrin, a receptor for laminin and mediator of signaling pathways involved in β-casein expression [143] , has been shown to be under epigenetic control in the mammary gland [144] .
Some inroads, therefore, have been made in the elucidation of the intersection of cell signaling pathways and chromatin change using cell culture models. It could be argued that most of these effects on chromatin status are of the direct transcriptional kind and not necessarily truly epigenetic, as in most cases cell division is not occurring upon lactogenic hormone treatment or formation of 3D structures. However, the fact that these pathways also are involved in mammary gland development and differentiation suggests that certain traditional epigenetic changes also are under their control.
External factors such as nutrition, inflammation, and other exogenous exposures acting during late as well as early development may alter changes signaled by hormones, growth factors, and ECM and influence the epigenetic state of the gland. For example, after acute mastitis during lactation, DNAme of the bovine αs1-casein regulatory region is induced in the infected quarter, leading to a decrease in gene expression [52] . Perturbed intra-uterine environments and deleterious environment exposures in early stages of development may result in abnormal mammary phenotypes and breast cancer detected later in life [145] [146] [147] [148] [149] [150] . Epigenetic effects of such exposures have been described for other organs [151] . However, effects on the epigenetic state of the mammary gland are not known yet.
Factors that Target Epigenetic Modifications; Epigenetic Initiators
Major advances have been made in determining the distribution of chromatin marks in relation to gene expression in different tissues and developmental stages. Yet, very little is known about the tissue-and locus-specific targeting of epigenetic modifications in general. Certain transcriptionand co-factors have been suggested to be involved, as has ncRNA. Some of these factors are known to be present in the mammary gland during development and differentiation.
Transcription Factors
YY1 can be part of the polycomb repressive complex 2 (PRC2) [152] and other repressive or activating complexes [153] . In the PRC2 complex, YY1 is suggested to play a role in targeting the complex to certain sites in the genome, resulting in a repressive chromatin mark characterized by H3K27me3 and DNAme. In the mammary gland, YY1 is known to be involved in β-casein gene repression [154, 155] and possibly other milk protein genes [156] . The C/ EBPβ-LIP isoform and HDAC3 might be part of such a repressive complex [83, 102] . However, the exact nature of this complex and its effects on chromatin have yet to be determined.
SNAIL1 is another transcription factor that can interact with components of PRC2, and it has been shown to recruit PRC2 to the E-cadherin gene (CDH1), resulting in repression [157] . In the mammary gland SNAIL1 is the mediator of epithelial-mesenchymal transition (EMT) through repression of E-cadherin.
The homeo-domain containing factor Pygo-2 has been shown to play a role in the expansion of mammary progenitor-like cells [129] . It binds directly to H3K4me and facilitates tri-methylation globally and at Wnt/betacatenin target loci by recruiting H3K4-methyltransferase complexes. Optimal expansive self-renewal depends on this chromatin function of Pygo-2.
Nuclear hormone receptors regulate gene transcription through the recruitment of numerous co-factors, several of which have chromatin-modifying capacities [158, 159] . Hyperacetylation at the β-casein promoter upon Gc signaling suggests that GR might be involved in recruiting histone acteyl transferases (HATs) to the promoter [96] .
Non-protein-coding RNA (ncRNA)
It is now well recognized that most of the genome is transcribed, producing a large number of ncRNA [160, 161] . It has become clear that ncRNAs are involved in the regulation of gene expression at many levels during development [161] . The regulation of micro-(mi)RNAs and other ncRNAs is under epigenetic control by histone modifications and DNAme, similar to protein coding genes [162] . However, mounting evidence suggests that ncRNAs play a role in regulation and targeting of epigenetic events [30, 163, 164] .
Mammary expressed miRNAs have been identified in human [165] mouse [166] [167] [168] [169] [170] and cow [171] . Recent studies in the mouse show differential expression of miRNA during mammary gland development. Expression appears to be co-regulated for certain miRNAs [166] . A miRNA signature for mammary progenitor cells was identified and indicates a role in MEC cell fate specification [167] . Several miRNAs have been found to regulate directly factors important for stem cell function, such as BMI1 (miR200c, [172] ) and cell proliferation Cox2 (miR101a [173] ) and pTEN (miRNA205 [174] ). Most miRNAs are involved in post-transcriptional regulation; yet, some are involved in expression enhancement (RNAa) at promoters (e.g., MiR-373 upregulates E-Cadherin) [175] . RNAa could function in part by inducing loss of the repressive histone modification H3K9me3, even though DNAme is not necessarily affected by RNAa and may even interfere with it [176] . However, the exact mechanisms of RNAa action have not been elucidated.
Other roles for ncRNAs are in the targeting of epigenetic events to specific loci in the genome. Several large ncRNAs have been associated with chromatin modifying complexes (HotAir, [177] ; RepA, [178] ; Air, [179] ; Kcnq1ot1, [180] ).
Recent genome wide analyses of histone modifications indicative for active gene transcription [69] have uncovered a great number of large intervening non-coding RNAs (Linc RNA) in the human [181] and mouse [182] genome, and many of them appear to associate with chromatin complexes and affect gene expression [181] .
In the mammary gland, many ncRNAs are regulated during development (J. Mattick and J. Rosen, unpublished observations), but only one Linc RNA has been characterized in detail thus far: pregnancy induced non-coding RNA (Pinc) [183] , the expression of which is persistently upregulated after pregnancy. Pinc is temporally and spatially regulated in response to developmental stimuli, and its expression is detected in the terminal ductal-lobular-unitlike structures of the parous gland. The different splice forms of Pinc might have different functions in cell-cycle progression and survival, which could contribute to the developmentally mediated changes to the terminal ductallobular-unit-like structures observed after pregnancy and lactation [183] . In light of the findings described above, it is tempting to speculate about the function of Pinc. Pinc could be part of a PRC-like complex similar to Hotair [177] or other chromatin-modifying complexes [181] and exert its function through mammary-specific chromatin changes that permanently alter the epigenetic state of the gland. Furthermore, Pinc expression itself might in part be epigenetically regulated; preliminary data from our laboratory indicate that the Pinc promoter is hypomethylated in MEC compared to non-MEC cells (Fig. 5) . This hypomethylation is already detected in MEC derived from 6-week-old virgin animals, indicating a mammary intrinsic hypomentylation. Figure 5 Methylation status of Pinc during mammary gland development: Pinc is a pregnancy upregulated long-non-coding RNA. DNA was isolated from MEC preparations or non-MEC (or fatpad) for 3 week and 6-week-old virgin animals, 8 day lactating mammary gland and liver. DNA was treated with Bisulfite [37] , PCR amplified with primers specific for Pinc promoter region and PCR fragments were directly sequenced. Presence of a T-peak in chromatogram at location of CpG after BS treatment and sequencing indicates hypomethylation (no fill) while presence of a C-peak indicates hypermethylation (dark gray fill).
Conclusions
Most of the chromatin changes summarized above have been observed in cell culture systems and are involved in direct-acute gene transcription regulation. The changes that we observed in potential DREs in the casein gene cluster during pubertal development and in the WAP region during pregnancy suggest that there is also a layer of changes that could be classified as a more classical epigenetic mechanism. As such, these appear to be involved in the establishment and maintenance of an epigenetic identity or memory of the cells. Whole genome analyses will now need to be applied to establish the network of genes that are epigenetically regulated and in order to help determine the global pathways of mammary gland development and functional differentiation. Establishing epigenetic marks at defined developmental stages and MEC sub-populations will also help elucidate the changes in epigenetic regulation that occur in cancer. Bloushtain-Qimron et al [119, 184] reported the characterization of in vivo cell type-specific DNA methylation patterns with clinical relevance. Their results suggest an important role for epigenetic regulation in stem cell self-renewal, pluripotency and differentiation as well as a role of abnormalities in these processes in tumor initiation and progression. The development of ChIP procedures for small numbers of cells [185, 186] should enable the analysis of histone modifcations and transcription factor occupancy in MEC sub-populations.
No doubt the next few years will provide us with many new insights into the role of epigenetic regulation in mammary gland development and disease.
